Metallothionein is a naturally occurring metal-binding protein with high cysteine content. Oligopeptides containing three cysteinyl residues and having amino acid sequences analogous to portions of this protein were synthesized by the solid-phase method. Strong affinity of the synthetic peptides to Cd2+ and Zn2+ was observed, and the dissociation constants of the peptide-metal complexes were 2-4 orders of magnitude lower than those of cysteine-metal and dithioerythritol-metal complexes. Effectiveness of detoxification of the peptides against Cd toxicity was demonstrated by the higher survival rates of mice treated with the peptides and by the neutralization of Cd toxicity by the peptides in tissue cultures.
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Metallothioneins are proteins that are present in the livers and kidneys of various animal species, including human beings (1) (2) (3) (4) (5) . These proteins contain an extremely large amount of cysteine (4, 5) and strongly bind metal ions, especially Cd2+, Hg2+, and Zn2+ (2, 6) . The normal physiological role of these proteins is not well understood, but several reports have suggested their protective role in metal poisoning (7, 8) . The complete amino-acid sequence of these proteins from human beings (9) , horses (10) , and mice (11) has been reported: in all these mammalian metallothioneins, the polypeptide chain contains 60-61 amino-acid residues, among which 20 are cysteines ( Fig. 1 ). Based on the unique structure of this metalbinding protein and on the finding that three cysteinyl residues are involved in binding one metal ion (6) , it was anticipated that synthetic oligopeptides that contain three cysteinyl residues and that have amino-acid sequences analogous to metallothioneins might bind metal ions strongly. Peptides that strongly bind toxic metal ions such as Cd2+ and Hg2+ might have a protective effect against metal poisoning. This report describes the metalbinding activity and the protective effect against metal toxicity of several synthetic peptides containing three cysteinyl residues.
MATERIALS AND METHODS
Oligopeptides consisting of L-amino acids were synthesized by the modified Merrifield procedure developed by Anfinsen and his coworkers (12) . The t-butoxycarbonyl (t-Boc) amino acid resins were prepared by heating the cesium salt of the t-Boc amino acids with chloromethylated polystyrene resin by the method of Gisin (13) . N-a-t-Boc amino acids were used with other protecting groups that were used when necessary: Ser (O-benzyl), Cys (S-4-methylbenzyl), Thr (O-benzyl), Asp (,B-benzyl), and Gln (p-nitrophenyl). Completeness of coupling was verified by the nihydrin method of Kaiser et al. (14) . The peptide was cleaved from the resin by the HF-anisole method of Scotchler et al. (15) . These synthetic peptides were purified by Sephadex G-15 gel filtration. Judging from the amino-acid composition, two-dimensional paper chromatography and electrophoresis, and high-pressure liquid chromatography, peptides 1, 2, 3, and 4 were not completely homogeneous and impurities (10-20%), which were presumably the partially completed or partially degraded peptides or both, were present in the preparations. In two-dimensional paper chromatography and electrophoresis, no detectable* impurities were found in peptide 5. Abbreviations: t-Boc, t-butoxycarbonyl; equiv., equivalents.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 The metal-binding activity of the peptides was measured by the following two methods: (i) unbound metals were assayed by the dithiazone method after the metal solution was mixed with various amounts of the peptides (16); and (ii) mixing a fixed amount of the peptide solution with various concentrations of Cd2+ resulted in mercaptide formation (6), which was measured by a concomitant increase in UV absorbance.
Sulfhydryl groups of the compounds were determined by Ellman's method (17) .
To 
RESULTS AND DISCUSSION
The following synthetic peptides with three cysteinyl residues were used for the experiments (see Fig. 1 ):
Peptide 1: H2N-Lys-Cys-Thr-Cys-Cys-Ala-OH (residues 56-61 of mouse thionein-I).
Peptide 2: H2N-Ala-Cys-Lys-Asp-Cys-Lys-Cys-Thr-OH (residues 20-27 of mouse thionein-I). The metal binding of these peptides was demonstrated by The dissociation constant (K) at a given pH was calculated from the titration results shown in Fig. 1 (dithiazone assay, DTZ) and Fig.  2 (UV absorbance). DTZ method:
(Mo-Mi) in which P is the concentration of free peptide; M is the concentration of free metal; PM is the concentration of peptide-metal complex; MO is the concentration of metal in absence of peptide; Mx is the concentration of free metal in presence of x ql of peptide solution; and k is the constant that can be calculated to fit in the titration curve. Because the peptide used was not completely pure, the calculated value (kx), instead of the actual amount of the peptide added, was used for estimation of K. UV method:
in which M is the concentration of metal; Dob. is the increase of UV absorbance in presence of metal with concentration of metal; D. is the increase of UV absorbance in presence of infinite concentration of metal; and k is the conversion factor (constant) for observed UV absorbance to the concentration of the peptide-metal complex. D. and k can be calculated to fit in the tritration curve. the linear decrease in the concentration of unbound metal in the presence of various amounts of the peptides (Fig. 2) and by the increase of UV absorbance caused by mercaptide formation (Fig. 3) . From these results, the dissociation constant (K) of the peptide-metal complex can be estimated (Table 1) . In comparison to cysteine (K = 480 jiM for Cd2+ at pH 7.0) and dithioerythritol (K = 53 ,uM for Cd2+ at pH 7.0), the dissociation constants of the synthetic peptides are 2-4 orders of magnitude lower. The binding is stronger at neutral pH than at acidic pH, as has been observed with metallothionein (6).
The titration slopes (Fig. 2) show that 10,u1 of the peptide solution, containing 14.2 nequiv. of -SH, binds to 0.52 Atg (i.e., 4.62 nanoatoms) of Cd2+ or to 0.31 usg (i.e., 4.74 nanoatoms) of Zn2+. Accordingly, one molecule of the peptide containing three -SH residues is bound by one atom of Cd2+ or Zn2 . With cysteine and dithioerythritol, no direct stoichiometric measurements were possible, but the best fit to the observed titration curves was obtained assuming a 1:1 ratio of Cd2+ to cysteine or dithioerythritol (Fig. 3 and Table 1 ).
Peptides 3 and 5 had stronger affinity to Cd2+ than to Zn2 , while peptide 4 had stronger affinity to Zn2+ than to Cd2+. Although it is necessary to examine further the relationships between the structure and metal-binding activity of various (Table 2 ). In the tissue culture experiment, the presence of 0.1 mM Cd2+ caused shrinkage and apparent death of the cultured monkey fibroblast cells after 24 hr of incubation. No such morphological changes, however, were observed in the cells in the medium supplemented with peptide 3 (Fig. 4) . Other synthetic peptides examined (peptides 1, 2, and 4) also protected the cells against Cd2+ cytotoxicity.
Protection against a lethal dose of Cd2+ in mice and against Cd2+ cytotoxicity in tissue culture is about equal among the synthetic peptides examined, and there seems to be no correlation between the dissociation constants (Table 1 ) and the effectiveness of detoxification of the peptides. Assuming a uniform distribution of the metal ion, the concentration of Cd2+ in the body fluid of the test mice would be on the order of 0.1 mM. After an equivalent amount of any of the peptides is added to an animal or to a culture medium, more than 90% of the added Cd2+ can be expected to bind the peptides. In order to assess the protective effects of the various peptides against sublethal doses of Cd2+, their capacity to protect against conditions such as hypertension (18) and renal tubular damage (19, 20) needs to be examined.
Because Zn2+ is essential in animals, the peptides that strongly bind Cd2+ and Hg2+ but relatively weakly bind Zn2+ are expected to offer optimal protection against metal poisoning. Further studies using synthetic oligopeptides with various amino-acid sequences will clarify the relationship between the structure of peptides and the strength of their metal-binding propensities.
